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The molten-metal-fuel reactor
Abstract
Scientists who were engaged in the atomic program before the end of 1943 had pretty well outlined most of
the types of reactors which are being discussed today. These outlines were usually quite general and merely
sketched the theoretical possibility of building a particular type of reactor. Many of these discussions were not
recorded, and the records of others are hard to find today since they are buried in the Project literature and
have not been properly indexed. However, a careful search of reports such as the minutes of the Project
Council and the weekly and monthly reports of the various projects would unearth them. Those who
remember that period will recall that reactors were divided into various categories, such as thermal,
intermediate, and fast reactors; homogeneous and heterogeneous reactors; and lightwater, heavy-water,
graphite, beryllium, molten- salt, and molten-metal reactors. Most of these were in the dream or speculative
stage. It was obvious to everyone that the first reactors would have to be thermal reactors using natural
uranium because, until enriched materials could be obtained and the pressing war needs could be satisfied,
little time could be devoted to the other types of reactors.
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The Molten-metal-fuel Reactor ~~ 
F. H. SPEDDING 
Scientists who were engaged in the atomic 
program before the end of 1943 had pretty well 
outlined most of the types of reactors which are 
being discussed today. These outlines were 
usually quite general and merely sketched the 
theoretical possibility of building a particular 
type of reactor. Many of these discussions were 
not recorded, and the records of others are hard 
to find today since they are buried in the Proj-
ect literature and have not been properly in-
dexed. However, a careful search of reports 
such as the minutes of the Project Council and 
the weekly and monthly reports of the various 
projects would unearth them. Those who re-
member that period will recall that reactors 
were divided into various categories, such as 
thermal, intermediate, and fast reactors; homo-
geneous and heterogeneous reactors; and light-
water, heavy-water, graphite, beryllium, mol-
ten-salt, and molten-metal reactors. Most of 
these were in the dream or speculative stage. 
It was obvious to everyone that the first reac-
tors would have to be thermal reactors using 
natural uranium because, until enriched ma-
terials could be obtained and the pressing war 
needs could be satisfied, little time could be 
devoted to the other types of reactors. 
The same is true of separation processes. 
These were divided into five main categories, 
e.g., precipitation processes (culminating in the 
bismuth phosphate process), liquid-liquid ex-
traction (leading ultimately to Redox, etc.), ion 
exchange, dry process (volatilization and sub-
limation), and molten-metal extraction. 
As early as 1943 Ames Laboratory recog-
nized the advantages of operating a reactor in 
which the fuel elements were molten . metals 
which would flow in and out of the reactor. At 
that time considerable work was done at Ames 
on a separation process wherein the molten-
uranium-metal fuel would come in contact with 
a second molten metal (e.g., silver) and where-
in a considerable percentage of the · plutonium 
would go from the uranium into the second metal 
along with the fission products. In addition many 
other fission products would be removed in the 
cycle through aistillation and through reaction 
with the slag and crucibles and with various 
gases which might b~ blown through the molten 
mix. 
At that time the idea of pumping the metal 
uranium in and out of the reactor had to be 
abandoned because not enough was known about 
materials which would stand up under these 
conditions. The liquid-metal-liquid-metal ex-
traction was also temporarily set aside because 
of other more imminent and more pressing 
atomic energy demands. 
The advantages of a molten fuel in a reactor 
are obvious. Molten fuel is particularly ad-
vantageous if enriched materials can be used 
and if fast reactors can be designed. First, the 
reactor can vary widely in size, depending on 
whether natural uranium or enriched materials 
are used. U enriched materials are to be used, 
it can be made quite small. Second, the drastic 
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limitations on materials which arise from nu-
clear properties are not nearly so serious if 
enriched materials are used. Third, a breeder 
type reactor can be designed in which less ex-
pensive source material can be utilized. Fourth, 
the steam generation in connection with the re-
actor has a very large AT (temperature) through 
which to operate in order to give high thermo-
dynamic efficiency. Fifth, the reactor can be 
extremely simple in design. Sixth, the expen-
sive fission materials outside the reactor can 
be held to a minimum under small inventory. 
Seventh, the fission products and plutonium can 
be removed from the reactor by constant bleed-
ing in such a manner that they can be worked 
up at leisure at other sites. Eighth, there needs 
to be no down time while the reactor is being 
charged or discharged. Ninth, m~tal coolants, 
which permit the operation of the reactor at 
high energies, can be used. Tenth, since the 
fission products are constantly bled from the 
reactor, they do not accumulate in the reactor, 
and, thereby, the hazard to the community is 
decreased. Eleventh, the heat-transfer prob-
lems become simpler because, in addition to 
conduction, advantage can be taken of the con-
vection of the molten metal in tral)sferring 
heat. Twelfth, the radiation-damage problems 
become simpler since the molten fuels heal 
thems.elves and we only have to be concerned 
with the radiation damage to the container. 
Finally, it might "be pointed out that this type 
of reactor offers excellent possibilities for 
producing very cheap power when operated as 
a breeder. It also offers the possibility of a 
small, simple design for an aircraft reactor 
when operated as a converter. 
In 1952 Ames again reactivated the liquid-
metal-liquid-metal extraction process. At the 
same time our experience and knowledge in 
handling rare earths, uranium, thorium, and 
other molten metals progressed to such a point 
that we now believe it is possible to design such 
a reactor. In Fig. 1 we have shown, in a pre-
liminary way, how this might be accomplished. 
This plan is, of course, a schematic one and 
would undoubtedly be modified in detail as the 
engineering, chemical, and metallurgical knowl-
edge is developed. However, in essence it rep-
resents the main features of such a reactor. Of 
course, in the design of such a reactor the pres-
ent difficulties in reactor operation are ex-
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· changed for new difficulties in return for the 
advantages gai~ed. Perhaps the most critical 
of these is findin r, materi;~ls which will stand 
up under reactor operations. Preliminary ex-
periments at Ames Laboratory indicate that 
tantalum metal stands up very well as a con-
tainer material for short periods o'f time, al-
though it still remains to be shown that it will 
do so over long periods of time. We have made 
small thin-walled crucibles of tantalu~ by weld-
ing 5-mil sheet into crucibles, and we have 
kept molten rare earths in these crucibles for 
two weeks at 140.0°C. We have kept molten ura-
nium-chromium and uranium-iron eutectics in 
these crucibles for seven days at 1000°C, and 
we have kept thorium-m·agnesium molten eu-
tectics for nine days at 1000°C, without ap-
preciable attack. After these metals had cooled 
down the crucible and ingot were cross-sec-
tioned and examined microscopically. No at-
tack on either phase was observed, and, if any 
existed, it must have been less than one-tenth 
the thin-walled thickness of the tantalum. Ni-
obium and yttrium also appear as promising 
metals, and longer time tests are planned on 
these metals in the near future. 
The length of time the container materials 
may stand up might be considerably increased 
when more is known about their alloys, both 
with each other and with other metals, such as 
vanadium, titanium, chromium, molybdenum, 
zirconium, and tungsten. 
Since, in general, the reactor will be smaller 
than most of the present reactors of similar 
power, it will be necessary to use liquid metals, 
preferably sodium or NaK, as coolants. How-
. ever, these materials have been y.sed in some 
of the present reactors, and the difficulties en-
countered in using . them have been worked out 
quite well. 
It is hoped that valves and pumps in this re-
actor can be kept to a minimum and that the 
circulation of the fuel can be maintained by 
thermoconvection. However, if this is not suf-
ficient, it can be implemented either by mag-
netic pumps or by gas pressure imposed at the 
right points. If difficulties are encountered due 
to mass transference arising from thermal 
gradients, the reactor and bleeding chambers 
can be kept at a constant temperature, and 
all circulation can be performed by magnetic 
pumps. 
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Note: (1) The spacing a.nd sizes of the reactor will be determined in eacn 
.case by the fuel materials 'Used, the power withdrawn, and the neutron physics 
of the reactor, (2) The tubes are to be made of Ta., Nb, Y, or &lloys of these, 
depending on which stands up better under test. (3) Conventional type reactor 
controls for fast-reaction reactors, as well as conventional shielding are 
used. (4) Circulation is by convection or, if not sufficient, by means of mag-
netic pumps. 
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Fig. 1-Prellminary plans for a molten-metal enriched fast reactor with molten-metal extraction of impurities and plutonium. 
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The distribution coefficients for the fission 
products between uranium, or the types of al-
loys mentioned below, and cerium, lanthanum, 
neodymium, or silver are quite favorable. It is 
expected that the fuel elements will be molten 
eutectics of enriched uranium with iron, chromi-
urn, or similar elements, such as nickel, co-
balt, or manganese. Preliminary experiments 
have shown that eutectics of the uranium-iron 
or uranium-chromium type of fuel are im-
miscible with the rare-earth metals, such as 
cerium, or with silver and that the solubility of 
these materials in each other is smalL By ana-
lyzing the exit stream of rare earths from the 
reactor, with regard to the solubility of the 
metals of the fuel system, it can be determined 
how much of these to add to the system when 
the fresh cerium or other extraction metal is 
added. It should be pointed out that fresh en-
riched material can always be added or sub-
tracted to balance the reactivity of the reactor 
through this cycle. In addition to extracting a 
considerable percentage of the fission products 
from the fuel into the extracting metal (or mol-
ten salts used simultaneously or separately), 
other of the fission products are simultaneously 
removed through vaporization, through slag ex-
traction, and through a breakage of the radio-
active decay chains at the proper pojnt so that 
considerable quantities of the less · desirable 
products do not form in the reactor by fission-
product decay. 
Furthermore, if a number of these reactors 
were built, it would only be necessary to have 
one central recovery plant for the plutonium 
· and fission products since they are bled from 
the reactor in an easily handled form which 
could be. sent to a central location. 
It should be mentioned that, if this reactor is 
designed as a breeder or converter, consider-
able quantities of U233 can be produced by piping 
a low-melting mixture of thorium dissolved in 
magnesium in and out of the reactor. The U233 
formed in this manner could be fed back into 
the reactor, using the plutonium as a by-prod-
uct of the operation. 
Work has been initiated in this laboratory 
to investigate the uranium-thorium-magnesium 
ternary-phase system. Since uranium and mag-
nesium form a two-phase system for most of 
the phase diagram, it is possible to dissolve at 
least 2 per cent of uranium, and perhaps more. 
in the thorium-magnesium eutectics. For fast 
breeders it would be desirable to dissolve con-
siderably more uranium than this, and work is 
under way to see if this can be done, perhaps 
by introducing the uranium into the system as 
an intermetallic compound of some element. If 
this latter objective can be achieved, then the 
reactor becomes extremely simple because, as 
the u235 burns up, u233 will be formed, and the 
over-all result would be an internal thorium 
breeder reactor. Similar reactors could, of 
course, be designed using low-melting mixtures 
of plutonium and som_e other metal. 
Another advantage of this type of reactor is 
that any localized heating of the fuel element is 
self-healing because the fuel materials are 
molten and many difficulties which are no~ in-
herent in most solid reactors, such as radiation 
damage to materials other than the containers, 
are avoided. Tests of radiation damage on tan-
. talum or the tantalum alloys would have to be 
carried out, but these materials look promising 
since tantalum belongs to the cubic system, is 
a malleable metal, and has no troublesome 
transitions. 
Since tantalum has an undesirably high cross 
section for fast neutrons, preliminary calcula-
tions indicate that, if the walls are kept thin 
enough, it can be used in a breeder reactor. If 
this turns out to be false, the difficulty does not 
seem to be insurmountable. For example, al-
loys of yttrium, which has a very low cross 
section, or zirconium can be investigated. Also 
it is possible to draw bimetallic tubes where 
one wall 1n contact with the fuel consists of a 
thin tantalum layer sufficiently thick, however, 
to withstand corrosion, and the other wall of 
another metal in contact with the sodium would 
be thick enough to offer support. 
At this stage it is difficult to foresee what 
the new difficulties will be, but this only points 
to the importance of investigating this type of 
reactor. Considerably more study will have to 
be made of high-temperature alloys for con-
tainer materials, low-melting eutectics for fuel 
elements, and liquid-metal-liquid-metal distri-
bution ratios of fission products, plutonium, and 
neptunium between the molten metals. Loops 
should be constructed of the present promising 
metals, and molten fuels (not enriched} should be 
circulated through them over a period of time to 
learn what the corrosion difficulties will be. 
When these prove reasonably satisfactory, ir-
radiated uranium should be introduced, still in 
noncritical quantities, to determine how the sep-
aration processes operate. During this period 
the apparatus can be kept to temperature by 
··resistance heating; thus a successful system 
can be explored without excessive costs. At a 
. later stage a loop would have to be operated 
extending into the Materials Testing Reactor at 
The National Reactor Testing Station to deter-
mine the radiation damage. · 
Once these things have been done success-
fully, the building of the actual worldng reactor 
becomes an engine·ering problem in which . the 
cooling system, shielding, heat interchangers, 
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steam turbines, and generators are added to an 
atomic reactor which is known to he workable. 
Thus the heavy costs occur only at a stage in 
the development where the gamble is certain of 
success. It is at this stage U1at the complete de-
sign of the reactor should be frozen because it is 
obvious that, if the molten-fuel type reactor 
can be operated, it is possible to have hundreds 
of types of such machines specifically designed 
with special purposes in mind. . 
To date little attention has been given to this 
type of metallurgy througho,ut the program: 
However , it is my opinion that, if equal effort 
by the metallurgists were devoted to work in 
this direction as was devoted to the canning of 
slugs before the Hanford program became a 
reality, these problems could be successfully 
solved. .1 
